Modeling Creep-Induced Stress Relaxation at the Leading Edge of SiC/SiC Airfoils 



~o 

c 

TO 

O 

> 

o ® 

- o 

TO - 

y to 

Q c 
■ TO 

^ o 

■O r- 

Sa 


O) 

c 

TO 


TO 

TO 

(/) 

TO 

c 

c 

TO 

0 

< 

CO 

< 


</> <0 

— +4 

^ o 

*- m 


— O 




a) 


a) 
o 
c 

o 0) 


to 


ns +? +■* 


T3 

_TO 

o 

o 

o 

"to 

c 

to 

+4 

_c 

o 

+4 

_c 

(0 

TO 

+4 

<0 

o 

a 

E 

o 

o 

o 

CO 

o 

CO 

T3 

TO 

O 

c 

TO 

> 

T3 

TO 

4 - 

O 

c 

o 

+4 

TO 

+4 

C 

TO 

E 

_TO 

a 

E 

TO 

P 

+4 

3) 

_c 

Ip 

(0 

+4 .2- 

o o 

TO V 

is = 
</> < 
.Q 

< 


o 

TO O 

O Is 

^ a 

ns o 

E ~ 

■p « 
CL O 
TO O 

P *1 

+4 U) 

</T ~ 

TO Q) 

.E -o 

m 2 

g E 

w +4 

c C 

O TO 

to E 

3 — 

a 

2 ® 

9-c 

o iP 
TO "3 

to c 
to ro 

3 TO 
P O 


TO 

a. 

X 

TO 

> 


S TO 


TO 

C 

TO 

3) 


TO 

E 

o 

to 

£ 

o 

£ 

TO 

C 

E 

ns 

x 

TO 

o 


<0 

to 

TO 

> 

ns 

p 

TO 

P 


■3 DO « O - TO 


3 

o 

£ 

JO 

to 

z 

TO 


TO 

P 

+4 

>+- 

o 

TO 

<0 

3 

ns 

o 

TO 

CQ 


_TO 

a. 

E 

to 

ns 


u> 

_c 

u 

ns 

_ro 

TO 

p 


(J w w 

” ^ ns 
E 
o 

CQ 

LU 


<0 

TO 

3) 

T3 

TO 

3) 

C 

T3 

ns 

TO 


E = § S 


ns 

TO 

a 

E 

TO 


o 

CO 

o 

CO 

TO 

p 


o 

o 

<0 


c 

TO 

T3 

c 

TO 

CL 

TO 

T3 


ns 

TO 

p 

(/) 

(0 

t/T 

TO 


ns 

T3 

_TO 

O 

O 

a 

> 


TS 

TO 

> 

O 

CL 

E 

TO 

</> 


C 

o 

+4 

T3 

T3 

ns 


3 

+4 

ns 

TO 

a 

E 

TO 


TO 

E 

o 

TO 

3) 


o 

to 52 
p O 

+4 ISC 

C CO 
■“ +-» 
c 

2 £ 
ip «- 

i- = 

3 O 

a — 
o ns 


</> ^ 
TO ■“ 

3 

3 TO 

to o 

®5 

E ~ 

as to 
+4 TO 

+4 (0 

re to 


T3 - 
— (0 
3 as 
c .Q to 
o to 
~ to TO 
t (0 1- 
ns si +4 
x 2 <o 
to +- — 

i_ TO .2 

~ c 


- — . TO (0 - 

CO i (O “! ns 


— D) 

^ o 


m ^ > o ~ 


JO 
TO 
C 

ns 

CL 

T3 
TO 

IS c u = 


ns 

o 

'a 

> 


_ as < o ® 


3 'P 
**- > 
M— — 

O ^ 

1 1 
o as 
S to 
m ™ 

TO ■*? 
C to 

i: to 

3 > 
*- p 
TO Q. 

ft 

II 

^ -D 
jO O 
= to 

c > 
o 9 
a > 

£3 

o 3 

o to 


*- to 
■£ as 
ns s_ 


c 

o 

*1 

ns 

X 

ns 


T3 

TO 

4-> 

ns 

O 

o 

to 

E 

TO 


3) 

_C 

■H 

ns 

u. 

TO 

a 

o 

TO 

4-> 

ns 

4-> 

to 

> 

■3 

ns 

as 

4-> 

to 

E 

s- 

TO 


ns 

c 

s- 

TO 

+-> 

C 


> 

C 

o 

to 

TO 

(0 

(0 

TO 


> 

ns 

.£ 

TO 

PI 

"to 


ns 

E 

TO 


JO 

ro 

z 

TO 

4-> 

ns 

E 

o 

'cl 

o 


o 

t 

'ro 

"to 

o 

'a 


o P 


3 P -v w 


TO 

a 
E 

to as 


to 

to 

TO 

&- 

4-> 

(0 

T3 

C 

ns 

CL 

TO 

TO 

l_ 

o 

TO 
■*— < 

'(0 

o 

CL 

E 

o 

o 


p 

3) 

P 

4-> 

ns 

to 

*-> 

c 

TO 

ns 

1- 

3) 

"ns 

E 

s- 

TO 


TO 

3) 

&- 

ns 


to 

> 

to 

O 

CO 

o 

CO 

■3 

TO 

a 

o 

TO 

> 

TO 

"3 

< 

CO 

< 

■3 

TO 

O 

c 

ns 

> 

"3 

ns 


3) 

c 

o 

4— 

o 

(0 

E 

i- 

TO 


O P ns “ 


jo 

ro 

z 

TO 

ro 

E 

TO 

3) 

■3 

TO 

3) 

_C 

■U 

ns 

as 


■3 

TO 

o 

TO 

!q 

3 

(0 

"to 

T3 
O 

E 

TO 
-Q 
3 

4-> 

■3 
03 

"to 

.E c 


ns 

o 

'c 

ns 

.c 

o 

TO 

E 

> 

-Q 

■3 

TO 

O 

3 

■3 

o 


to 

o 

z 

■3 

_c 

o 


ns 

c 

TO 

O 

(0 

TO 

(0 

ns 

u 

4-> 

(0 

TO 

-Q 

to 

3) 

_C 

'c 

'to 

4-> 

p 

o 

> 

p 

TO 

u, 

TO 

P 

*-> 

as" 

3) 

■3 

TO 


O 

jo 

to 

to 

TO 

> 

to 

p 

TO 

P 


to 

c 

p 

+-> 

c 

o 

TO 

C 

JO 

a 


o 

TO 

^ E 
o “ *: 


■3 

TO 

E 

3 

to 

to 

to 

TO 

1- 

to 

JO 

to 

TO 

ro 

E 

TO 

4-> 

(0 

o 

CL 

E 

o 

o 


■3 

TO 

i_ 

3 

(0 

to 

TO 

E 

to 

to 


o = 

> 
to 

p 
TO 
P 


3 -= 

*-» 

TO ^ 

E = 

jr 2 
£ -3 
y« TO 

TO ^ 
TO 

O ns 

• I 
15 

TO ^ 
** CM 
3) ' 

.E TO 
.t; 3) 

E 73 

P TO 

to 

» ,E 
“ ^ 

si 

3) *- 
r- 4- 
■= O 
T3 _ 

TO | 
® TO 

£ 5 

P to 
B) = 


(0 
p 5 lo 

1 g 

o „ 
to w 

£ g 

!E w 
"o ^ 
> ® 
ns o 

O W 

to O 

2 co 

£ "3 
to TO 
1- O 
® C 

E > 

as T3 
P ns 

P >*r 
3) 0 

p w 
TO 


TO 


C _ 

as o 
w ^ 2 

p 5 E 

3*2? 

o to re 

£ 2 3 ) 

ro o = 

? TO O 

^ (/) o 

■•'30 

2 - to c 

TO o P 

to as = 
s- o 4_ 

0-0+4 

0 u_ = 
P ° O 

TO o £ 
3 to ‘5 

^ -3 t 

1 8 S 

IgTJ 

X C 

to 


TO 


* 3 § 

8= I 


re 3 2 « ? 


a 

as 

as 

o 

o 

+4 

(0 

to 


(0 

3) 

c 

c 

iP 

>» 

TO 


C 

o 


■3 

as c 
to 5 
re .2 
as +4 
£ o 
o as 
c .!= 


TO 4- 


"3 

a. 

o 

o 


u- to 

O I_ 

o as 
£ a 
? E 
>, as 

O 3) 

TO .E 

P *i 

Q. TO 
TO Q. 
O 

TO c 
P P 

ll 

0 S 

to E 
to as 

E £ 

as -r 

+4 +■ 

to ns 
> as 
to c 


>2 2 
= 30 
to o o 
"o p 3) 
iP to c 

TO +4 

C C 3 

2 ® T3 
-3 - 

E 2 re 

$ 3) 5 

3 E to 

.1 I 1 

2 || 

3) E L 

"to O to 
E £ to 


TO (0 
£ 3 
TO O 


* 8 


C 

o 

a 

3 


the NASA-developed N26 SiC/SiC system with thru-thickness Sylramic-iBN fiber reinforcement and a 
typical EBC coating has the potential of offering a maximum long-term steady-state operating 
temperature of ~3100°F at the surface of the EBC. 


Modeling Creep-Induced Stress 
Relaxation at the Leading Edge of 

SiC/SiC Airfoils 
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Daytona Beach, Florida, January 25, 2007 


Background 

Recently NASA Glenn has developed a variety of advanced 
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processes for turbine airfoil applications and (2) to develop 
advanced technologies that will overcome current SiC/SiC 
implementation issues. 


Shape and Thermo-Structural Requirements for 
Internally-Cooled Turbine Airfoils are Very Complex 
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Simple Internally-Cooled Tube Model for 
Leading Edge of SiC/SiC Airfoil 
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curvature, wall thickness, creep, stress relaxation, and other 
properties of different SiC/SiC systems 

Allows both analytical and finite element analyses 

Useful also for analyzing SiC/SiC tubular heat exchangers 


p Four Key Properties of Airfoil Technical Interest 

Using Internally Cooled Tube Model 
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/? dependent on EBC thickness and thermal conductivity 


Key Thermo-Structural Properties of High- 
Performance NASA SiC/SiC Systems 
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Typical In-Plane Tensile Creep for 
Type la and Type 2a SiC/SiC Systems 

1315C/103 MPa /Air 



Prony Series: G(t)/G(0) = 0.30 exp(- t/C) + 0.70 exp (- t/D) 
(Parameters C and D = functions of A., and T) 


Curvature and Wall Thickness Effects on Thermal 
Stresses att = 0 in Leading Edge Tube Model 
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wall surface. Thus based on thermal stresses alone, the upper 
thermal gradient of a airfoil leading edge with current SiC/SiC 
systems will be limited by their hoop stress allowable of~150 MPa. 


gr Thermal Stress Distribution in Types 1 and 2 SiC/SiC 
Tubes att = 0 (Elastic) and at AT* that Avoids Cracking 



Hoop Stress Relaxation at Max Thermal 
Conditions for Type 1 SiC/SiC Tube Model 
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material reliability at temperature. Outer wall compression 
decreases faster due to higher temperature. 

• Residual stress build-up during cool down indicate AT * should 
be kept below ~300°F at all times to avoid cracking of outer wall. 



temperatures due to the enhanced creep resistance of Type 2. 

• Higher temperature capability of Type 2 suggests that stresses can be 
relaxed even faster by higher service or pre-conditioning temperatures. 


Maximum Temperature Predictions from Tube 
Model of SiC/SiC Airfoil Leading Edges 
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• Type 2b SiC/SiC material offers the highest range of thermal 
capability, which will be needed when operating AT * for CMC and 
EBC are reduced by the presence of mechanical stresses. 






<0 

c 

o 

to 

o 

c 

o 

o 

c 




C Ciu 

CO 3 U- 


0 

* $ 
O) (/) 
c </) 

=5 £ 

0 (/> 

= 1 

l £ 
y > 

co c 
o o 
55 £ 

2? 
a o 

0 m 

T3 5 
O 0 
E -Q 

0 0 
.q to 
3 3 
43 O 

■S <*> 

Q. 0 

E -s 
w JP 

CO ■- 

= i 

« s 

3 CO 


"D 

&g 
° o 

0 43 

5 =| 

5 § 

< O 

CO 0 

< 3 

T5 2 
£ 0 ) 
CO Q. 

o J 

^ ° 

s 

S E 

> 3 
■Q E 
£ x 

o E 
c/> i 

(/) "D 
■“ c 
.ti 3 

r\ 

2 £ 
£ £ 
0 42 


c/> 
„ c 
0 o 

E & 

~ T5 
_#- £ 
£ o 

g ° 
0 

x 5 

JO 4S 

0 C/> 

± > 
— -O 

> CO 

> 0 

s « 

to S- 

(0 a 
0 ^ 

1 c 

V = 

0 (/) 

> § 

TO TO 
TO > 

|s 

1 a 

O O) 

■O .E 
c ^ 

CO o 
0 CO 

= o 


c 

0 

£ ^ 
CO > 
b, O 

01 0 
0 n 

a v. 

2 £ 

0 

Q. 0 
£ * 


2 3 

.— s. 

3 SZ 

n 


CO 


0 

£ 

3 

E 

■ 

X 

CO 


5 

3 

o 

(/> 

(/) 

E 


cn 

</> 

0 

L_ 

V 

To 

3 

~D 

'( /> 
0 


3: c/) 


0 0 
£ £ 


£ co 


£ £ 

® £ 
£ c/> 

x y 

45 co 

2 o 

(/) CO 
0 ^ 

(/) CO 
0 < 

oo ^ 

_c c 
D) p 

3 b 

O 3 

-£ o 

c ^ 

> " 
LU a 


0 

3 

■D 

O) 

£ 

.X 

o 

CO 


gi 

!§ O 
±i -D 

■— o 

T O 
0 o 


> 6 
> I 

O S 
3 £ 
"D ^ 
C (/) 

o o 
V £ 

»? 


0 


■D 
° 

> « 
CO Q) 

O .E 

s- 

LL 3 

® I 

O O. 
CO 3 


o -- 


■D 

il 

§£ 
£ « 

« g 

0 Q. 
0 a 
£ co 

c 0 

£ £ 
™ 0 

* 2 

y £ 

co .£ 
o P 


CO 

o 

■ 

£ 

CO 

o 

0 0 

C T3 
£ 0 

5 O) 

|l 
0 0 
"O — 
0 = 
0 o 
C t 

_ 0 


^ o 

2 I 

Vs 

> 3 
±f T3 
= O 
■3 i 

g £ 

Q. — 

CO m 

O t 
— CO 


CO (/> 
o W 

s g 

0 ^ 
a o 

I — -^3 CO CO 


CO 


o 

3 


(/> 

0 

W 

W 

0 


0 
O 
3 
£ "3 
0 

W s- 

00 £ 
0 CO 

a> o 
D) (/) 


O 
co 
o 

CO 

Csl 

0 
a 

> ±3 


£ 

0 

■ 

"O 

CO 

O) 

"co 

E 


0 


o a 
>2 
±i 3 

s£ 

CO (/) 
a j- 
CO 0 

o -a 

£ § 
2 o) 

2 .£ 
0 £ 
Q- O 

£ S 

0 "O 

if 

U> 0 

■— s. 

x a. 


the failure risk of SiC/SiC airfoils during service. 
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